Aldosterone antagonists have been reported to prevent ventricular remodeling after myocardial infarction (MI) via their action to extracellular matrix (ECM).
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Spironolactone Modulates Expressions of Cardiac Mineralocorticoid Receptor and 11 -Hydroxysteroid Dehydrogenase 2 and Prevents Ventricular Remodeling in Post-Infarct Rat Hearts
Mitsuo TAKEDA 1) , Tetsuya TATSUMI 1) , Shinsaku MATSUNAGA 1) , Hironori HAYASHI 1) , Masaki KIMATA 1) , Shoken HONSHO 1) , Susumu NISHIKAWA 1) , Akiko MANO 1) , Jun SHIRAISHI 1) , Hiroyuki YAMADA 1) , Tomosaburo TAKAHASHI 1) , Satoaki MATOBA 1) , Miyuki KOBARA 2) , and Hiroaki MATSUBARA 1) 
Introduction
Extensive myocardial infarction (MI) often causes severe congestive heart failure with left ventricular (LV) remodeling, which is characterized by a ventricular dilatation and diminished cardiac performance ( 1 ) . Cardiac myocytes are known to undergo apoptosis under some pathological conditions, such as hypoxia and ischemia-reperfusion ( 2 , 3 ) . Indeed, recent reports suggest that apoptosis contributes significantly to progressive loss of cardiac myocytes during and after MI ( 4 -6 ) and, more importantly, that apoptosis plays a crucial role in the development and progression of heart failure after MI ( 7 -9 ) .
A great body of evidence suggests that the renin-angiotensin-aldosterone system (RAAS) plays important roles in the regulation of cardiovascular homeostasis and in the pathogenesis of a variety of cardiovascular diseases ( 10 , 11 ) . Although aldosterone classically promotes unidirectional transepithelial sodium transport, thereby regulating blood volume and blood pressure (BP), recent clinical and experimental studies have indicated that aldosterone receptor antagonists, such as spironolactone and eplerenone, dramatically reduce morbidity and mortality from heart failure ( 12 , 13 ) . Moreover, myocardial production of aldosterone has been found in previous clinical and experimental studies ( 14 -16 ) . Aldosterone interacts with mineralocorticoid receptors (MR) to promote endothelial dysfunction, facilitate thrombosis, reduce vascular compliance, impair baroreceptor function and cause myocardial and vascular hypertrophy as well as fibrosis with the promotion of pathological remodeling ( 17 ) . Mineralocorticoid receptor and 11 β -hydroxysteroid dehydrogenase 2 (11 β -HSD2), which confers mineralocorticoid selectivity to aldosterone target tissues, have also been detected in hearts, suggesting that aldosterone has direct roles in the cardiovascular system ( 18 , 19 ) .
Recently, we have demonstrated that aldosterone accelerates the mitochondrial apoptotic pathway through calcineurin activation and BAD dephosphorylation, and we have suggested that the proapoptotic action of aldosterone may directly contribute to the progression of heart failure ( 20 ) . However, little is known about the roles of aldosterone and MR signaling in mediating adverse remodeling in response to MI. The present study was therefore designed to determine whether the tissue aldosterone system is also activated in MI and whether spironolactone, an aldosterone antagonist, prevents myocyte apoptosis and improves post-infarct ventricular remodeling in rats. We found that the expression of MR mRNA and that of 11 β -HSD2 mRNA were significantly upregulated in MI, and that spironolactone can inhibit myocyte apoptosis and prevent post-infarct ventricular remodeling by modulating the MR-mediated aldosterone signaling.
Methods
All animals were handled in accordance with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH publication No. 85-23, revised 1996). The protocol was approved by the Bioethics Committee of the Kyoto Prefectural University of Medicine.
Surgical Procedure and Study Protocols
MI were produced as described previously ( 21 ) . Briefly, male Sprague-Dawley rats weighing 220 to 240 g were anesthetized with intraperitoneal sodium pentobarbital (30 mg/kg body weight). After thoracotomy at the fourth intercostal space, the heart was exteriorized, and the left proximal coronary artery was surgically occluded with a 6-0 silk ligature. The heart was then returned to its normal position, and the thorax was closed. Mortality was 30% within the first 24 h. Sham-operated control rats underwent the same surgical procedure but without occlusion of the coronary artery. Surviving MI rats were randomly allocated to one of four groups ( n = 6 per group): 1) sham (control), 2) spironolactone-treated sham, 3) untreated MI, 4) spironolactone-treated MI. Spironolactone (Nacalai Tesque, Tokyo, Japan) was dissolved in dimethyl sulfoxide (DMSO) and orally administered to the rats. Spironolactone treatment was started immediately after the surgical procedure and continued every day for 2 weeks. In sham and MI rats without spironolactone treatment, saline dissolved in DMSO was also orally administered as a vehicle. The dose of spironolactone (100 mg/kg per day) was determined from previous studies ( 22 ) .
Hemodynamics and LV Function
Systolic BP was measured before and at 2, 7 and 14 days after surgery by tail-cuff plethysmography in conscious, lightly restrained animals.
A 2F micromanometer-tipped catheter (SPC-320, Millar Instruments, Houston, USA) was advanced from the right carotid artery into the left ventricle, and LV systolic pressure (LVSP), LV end-diastolic pressure (LVEDP) and maximal rates of pressure rise and decline (d P /d t max and d P /d t min , respectively) were measured at 14 days after MI under pentobarbital anesthesia (30 mg/kg body weight, intraperitoneally). All tracings were recorded on a physiological recorder, and the heart rate was obtained from an arterial pressure tracing.
All the experimental animals underwent echocardiography under pentobarbital anesthesia before and at 2, 7 and 14 days after surgery. The echocardiographic measurements were performed with the use of a 12 MHz ultraband sector probe (SONOS 5000, Hewlett-Packard, Palo Alto, USA). LV diastolic dimension (LVDd) and fractional shortening (%FS) were measured in the short-axis M-mode left parasternal projection at the mid-portion of the left ventricle.
Planimetry of Infarct Size, LV Remodeling and Myocardial Fibrosis
The left ventricle was cut transversely at mid level. Formalinfixed, paraffin-embedded tissue samples were cut into 4 μ m sections and stained with Masson's Trichrome. Infarct size was determined planimetrically as the ratio of infarct tissue or scar tissue to the length of the entire LV endocardial circumference ( 23 ) . To quantitate wall thinning, the free-wall thickness was measured at the thinnest point of transmural infarction from the section at the mid-LV level. The septal wall from the same slide at the point on the septum diametrically opposed to the point used for infarct thinning. The infarct wall-thinning ratio was then calculated as free wall/ septal wall, as previously described ( 24 ) .
The percentage of area occupied by collagen as opposed to noncollagenous tissue was quantitated in sections stained with Masson's Trichrome using NIH Image densitometry at 14 days after the MI procedure ( 25 ) . Collagen volume fraction was calculated as the sum of all collagen-positive areas divided by the sum of muscle areas and collagen areas.
Myocardial Apoptosis
Each deparaffinized tissue section was treated with 0.3% H 2 O 2 in 100% methanol to inhibit endogenous peroxidase activity and then incubated with normal goat serum for 20 min at room temperature. The terminal deoxynucleotide transferase-mediated dUTP nick end labeling (TUNEL) assay was performed to detect apoptotic cells (ApopTag kit, Chemicon International, Temecula, USA), as previously described ( 21 ) . Myocytes were immunohistochemically stained with anti-myosin heavy chain antibody (CLA67/1; BD Transduction Laboratories, San Jose, USA) using Histofine Simple Stain MAX PO ® as a secondary antibody (Nichirei, Tokyo, Japan). In brief, specimens were incubated with a primary antibody for 60 min. Then they were incubated with Universal Immuno-peroxidase Polymer (Nichirei) conjugated with anti-rabbit antibodies and peroxidases for 10 min. Color was developed using aminoethylcarbazole (AEC) for 10 min. Finally, specimens were counterstained with hematoxylin to visualize the nuclei. Specimens were washed three times with PBS containing 0.1% Tween-20 between steps. Apoptotic myocytes were then identified as TUNELpositive and reddish-brown stained cells. The percentage of apoptotic myocytes was the proportion of TUNEL-positive myocytes from the total number of myocytes. Because TUNEL-positive myocytes were detected only in the border zone of the infarct area, analyses were performed from 2,000 myocytes counted in this area.
Quantification of Cardiac Gene Expression
Total RNA was extracted from the hearts, and cDNA was synthesized from 1 μ g of total RNA with the SuperScript III First-Strand Synthesis System for reverse transcription (RT)-polymerase chain reaction (PCR) (Invitrogen, Carlsbad, USA). Target cDNA levels were analyzed by quantitative real-time kinetic PCR using TaqMan PCR master mix and TaqMan Gene Expression Assays (Applied Biosystems, Foster City, USA) with the ABI Prism 7700 Sequence Detector system (Applied Biosystems). 18S rRNA was used for normalization between samples, and the comparative threshold (C T ) method was used to assess the relative abundance of the targets ( 26 ) . The TaqMan Gene Expression Assays used were: 11 β -HSD2 (Rn00492539_m1), mineral corticoid receptor (Nr3c2) (Rn00565562_m1), collagen I (Col1aI) (Rn01463848_m1) and 18S rRNA (4319413E).
Cultured Neonatal Rat Cardiac Myocytes
Primary cultures of neonatal rat cardiac myocytes were prepared from neonatal Wistar rat hearts by digestion with 0.2% collagenase as described previously ( 20) . The myocyte-rich fraction (separated by Percoll gradient) was resuspended in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum (FBS). Myocytes were cultured by bromodeoxyuridine (BrdU; 10 − 4 mol/L) during the first 48 h and were then incubated in DMEM containing 0.5% FBS without BrdU. All experiments were performed 36 to 48 h after this incubation.
In Vitro Effect of Spironolactone on Myocyte Apoptosis
According to our previous report, myocyte apoptosis was induced by 10 − 5 mol/L aldosterone for 24 h (20) . To investigate the dose-dependent effects of spironolactone on aldosterone-induced apoptosis, myocytes were incubated with spironolactone (10
mol/L aldosterone for 24 h. Control myocytes were incubated in serum-free DMEM but were not treated with aldosterone. Myocytes were histochemically stained as previously described (20) . The cells were visualized by fluorescein microscopy, and the images were generated by dual-exposure photography. Apoptotic cells were identified on the basis of distinctive condensed or fragmented nuclear morphology, and apoptotic cell counts were expressed as percentages of the total numbers of nuclei counted.
Statistical Analysis
All values are expressed as means±SEM. Differences in systolic BP and echocardiographic measurements were compared by repeated measures analysis of variance (ANOVA) with a post hoc test using Bonferroni's multiple comparison tests. For comparisons of hemodynamic measurements, infarct size, LV wall-thinning ratio, myocardial fibrosis, and the percentage of myocyte apoptosis among groups, one-way ANOVA and Bonferroni's multiple comparison tests were performed. A p-value of < 0.05 was considered to indicate statistical significance.
Results

Hemodynamics and Survival Rate
Time course changes in body weight, heart rate, and systolic BP are shown in Table 1 . Body weight and heart rate did not significantly change among the four groups. Spironolactone (100 mg/kg per day) did not significantly lower the systolic BP of sham-operated control rats throughout the experimental period. Although systolic BP was significantly reduced to Wall thinning ratio ≈0.8-fold that of the control at 2 days after coronary artery occlusion and remained low thereafter in MI rats, there were no significant differences in BP between the untreated MI and spironolactone-treated MI groups. Figure 1 shows the survival rates among the four groups. MI significantly decreased the survival rate, compared with sham or spironolactone-treated sham rats. Administration of spironolactone, begun immediately after MI and continued for 2 weeks, did not significantly affect the surviving rates; the 2-week survival rate of the spironolactone-treated MI rats was 30%, compared with 28.6% for the untreated MI rats. Figure 2 illustrates the LVSP, LVEDP, dP/dtmax and dP/dtmin in the four groups at 14 days after surgery. Although MI reduced LVSP to ≈0.9-fold that of the control, spironolactone treatment did not significantly affect LVSP. The untreated MI rats had a markedly elevated LVEDP (14.3±1.9 mmHg) compared with the control (1.0±0.7 mmHg). Spironolactone treatment did not affect LVEDP in control rats (2.8±1.0 mmHg); however, it significantly attenuated the MI-induced rise in LVEDP (6.7±0.6 mmHg, p< 0.001 vs. untreated MI). The dP/dtmax and dP/dtmin in untreated MI rats were significantly decreased, to 0.71-fold and 0.72-fold those of the control, respectively. Although spironolactone alone did not affect dP/dtmax or dP/dtmin in control rats, it significantly enhanced both, to 0.85-fold (p< 0.05 vs. untreated MI) and 0.98-fold (p< 0.01 vs. untreated MI) those of the control, respectively.
LV Remodeling and Function
To characterize the changes in LV function and geometry after MI, echocardiographic parameters (LVDd, %FS) were measured before and at 2, 7 and 14 days after surgery (Fig. 3) . After MI, LVDd increased gradually, from 5.6±0.1 mm to 8.5±0.1 mm, and %FS decreased progressively, from 45.5±0.8% to 15.8±1.0%, whereas spironolactone treatment inhibited the MI-induced incline in LVDd (from 5.6±0.1 mm to 7.4±0.2 mm) and improved the MI-induced decline in %FS (from 45.3±0.8% to 21.6±0.9%). At 14 days after surgery, LVDd was significantly smaller and %FS was significantly greater in the spironolactone-treated MI group than in the untreated MI group.
Infarct area assessed by planimetry was similar between the untreated MI group (46.9±1.1%) and the spironolactonetreated MI group (46.1±2.2%) at 14 days after surgery (Fig.  4) . In contrast, the infarct wall-thinning ratio, an index of infarct expansion, was significantly greater in the spironolactone-treated MI group (46.3±4.4%, p < 0.05) than in the untreated MI group (27.9±4.4%) at 14 days after surgery, while the wall-thinning ratio was not significantly different between these groups within 7 days after MI (data not shown). Figure 5 illustrates the representative non-infarct myocardial sections stained with Masson's Trichrome and the percentages of interstitial fibrosis in the four groups. On histological examination at 14 days after surgery, the untreated MI rats showed significantly extensive interstitial fibrosis (6.1±0.5%) compared with the control (1.9±0.1%). Although spironolactone alone did not affect the collagen volume fraction in control rats, it decreased reactive interstitial fibrosis significantly, to 3.8±0.3% (p< 0.001), compared with untreated MI rats. Figure 6 shows the representative TUNEL staining and the percentage of apoptotic myocytes in untreated MI and spironolactone-treated MI groups. Apoptotic cells were rarely found in the control rats or in the non-infarct areas of the MI rats (data not shown). In contrast, the TUNEL-positive nuclei were observed mainly in the ischemic border zone and detected in both myocytes and non-myocytes. To distinguish the myocyte nuclei from the non-myocyte nuclei, we performed double immunohistochemical staining of cardiac myosin heavy chain (reddish brown) and apoptotic nuclei using TUNEL (brown) (Fig. 6, left) . The percentage of apoptotic cardiac myocytes in the ischemic border zone increased to 5.79±0.37% at 2 days after MI and decreased thereafter to 1.37±0.10% and 0.16±0.01% at 7 and 14 days after MI, respectively. Spironolactone significantly inhibited the apoptotic cardiomyocytes to 3.54±0.26% (p< 0.001), 0.65±0.06% (p< 0.001) and 0.11±0.01% (p< 0.05) at 2, 7 and 14 days after MI, respectively (Fig. 6, right) .
Myocardial Fibrosis
Myocardial Apoptosis
Myocardial Gene Expression
The mRNA expression levels of collagen type I, MR and 11β-HSD2 analyzed by real-time RT-PCR are shown in Fig. 7 . In untreated MI rats, collagen type I gene expression was significantly increased to 3.9-fold that of the control, whereas spironolactone significantly attenuated the rise in collagen type I gene expression to 2.14-fold that of the control. MR and 11β-HSD2 mRNA expression levels were also upregulated to 2.24-fold and 2.22-fold those of the control, respectively, in untreated MI rats. In contrast, spironolactone significantly suppressed the MR and 11β-HSD2 expression levels to 0.73-fold and 1.3-fold those of the control, respectively, although it did not affect the expression of these two genes in control rats. 
In Vitro Effect of Spironolactone on Myocyte Apoptosis
Discussion
The present study has shown that treatment of spironolactone started immediately after MI significantly improved myocardial function as assessed by hemodynamic and echocardiographic analyses, decreased collagen accumulation, and finally attenuated the LV remodeling process in post-infarct % Interstitial fibrosis * * * rat hearts. Moreover, we have demonstrated for the first time that spironolactone significantly and continuously decreases the percentage of myocyte apoptosis in the infarct border zone from the early period after MI, as evaluated by TUNEL assay. Expression levels of MR and 11β-HSD2 mRNA were significantly increased after MI, and spironolactone treatment significantly inhibited the rise in these levels. Our data therefore suggest that, besides the action to the collagen volume fraction, aldosterone antagonist inhibits myocyte apoptosis and prevents post-infarct ventricular remodeling by modulating the expression levels of MR and 11β-HSD2, which are enhanced in the remodeling heart.
A growing body of evidence suggests that aldosterone mediates a variety of actions to the cardiovascular system and plays an important role in the process of ventricular remodeling independent of blood volume and BP (27, 28) . The present study showed that spironolactone significantly prevented the progression of LV systolic dysfunction, as evidenced by improvements in dP/dtmax and %FS, as well as the progression of LV diastolic dysfunction, as evidenced by improvement in dP/dtmin. Spironolactone also significantly attenuated the progressive enlargement of LV dimension (LVDd), infarct expansion (infarct wall-thinning ratio), and reactive interstitial fibrosis after MI. In a sense, our results suggest that aldosterone inhibition contributes to the attenuation of ventricular remodeling through the modification of extracellular matrix (ECM), consistent with the previous observations (24, (29) (30) (31) .
The accumulated data strongly suggest that apoptosis plays a pivotal role in the development and progression of heart failure after MI (7) (8) (9) (36) .
The execution of infarct-related apoptosis is complexly regulated by several pathophysiological factors, including severity of ischemia, cellular energy levels, mechanical stress, and neurohormonal activation (e.g., RAAS) (2, 3, 37) . One factor that is particularly likely to drive infarct-associated apoptosis is aldosterone, because we have recently demonstrated that aldosterone can directly accelerate the mitochondrial apoptotic pathway in cultured rat cardiac myocytes (20) . Moreover, in the present study we have demonstrated that spironolactone (10 − 7 -10 − 5 mol/L) significantly inhibited aldosterone-induced apoptosis in cultured cardiac myocytes in a dose-dependent fashion (Fig. 8) . The present study, therefore, actually extends our previous in vitro hypothesis and strongly supports the notion that aldosterone antagonism inhibits myocyte apoptosis underlying the progression of post-infarct remodeling. Our data indicate that a ≈50-60% reduction of myocyte apoptosis by spironolactone treatment (Fig. 6 ) was associated with a 53% decrease in LVEDP (Fig. 2) , a 41% increase in %FS, and a 13% decrease in LVDd (Fig. 3) , compared with untreated MI rats. As the theoretical formula for the relationship between the suppression of LV remodeling and the anti-apoptotic effect has not been fully elucidated, this issue is a limitation of the present study. However, since the previous reports and our data show that infarct-associated myocyte apoptosis is associated with the remodeling process, it now appears very likely that the anti-apoptotic effect of aldosterone antagonist plays a pivotal role in the prevention of post-infarct ventricular remodeling. Moreover, in addition to its affinity for MR, prolonged administration of spironolactone is known to possess an affinity for androgen and progesterone receptors and to exert endocrine effects. However, since our experimental period of 2 weeks is relatively short, it is reasonable to consider that the present results are mainly derived from the aldosterone antagonistic action of spironolactone (38) . Accumulating evidence indicates that aldosterone is produced in cardiac tissues, particularly under pathological conditions. In view of the tissue-specific activation of myocardial aldosterone, Silvestre et al. have already reported that MI raises aldosterone synthase (CYP11B2) mRNA by 2.0-fold and the aldosterone level by 3.7-fold in rats (39) . More recently, Katada et al. have reported that gene expression levels of aldosterone synthase and cardiac aldosterone content are both elevated in MI hearts even in angiotensin II type 1A receptor-knockout mice (40) . In various epithelial cells, expression of 11β-HSD2 converts endogenous glucocorticoids to their receptor-inactive 11-keto analogs, thereby conferring aldosterone selectivity on MR (41) . Although cardiac myocytes express MR with high affinities for aldosterone, corticosterone and cortisol (42, 43) , cardiac expression of 11β-HSD2 is reported to be extremely low, indicating that myocyte MR are primarily occupied by endogenous glucocorticoids (41) . Moreover, previous reports suggest the possibility that glucocorticoids do not activate MR but act as antagonists in nonepithelial cells such as myocytes (44, 45) . On the other hand, it was recently reported that overexpressing 11β-HSD2 in cardiac myocytes drives cardiac hypertrophy, fibrosis and heart failure, which phenotype is ameliorated by eplerenone, providing strong evidence that aldosterone signaling is directly involved in cardiac pathophysiology (46) .
In the present study, besides an increase in collagen type I gene expression, both cardiac MR and 11β-HSD2 mRNA expression levels were upregulated by ≈2-fold even at 14 days after MI, and spironolactone significantly suppressed the expression of both genes. Several previous reports have demonstrated that expression of MR mRNA was significantly increased under pathological conditions, such as post-MI and heart failure (47, 48) . Indeed, in vitro studies have shown that aldosterone and α-adrenergic stimulation each significantly increases the expression of MR mRNA (49, 50) . Since the production of aldosterone and sympathetic nerve activity in cardiac tissues are enhanced under pathological conditions particularly after MI, it is reasonable to consider that these factors raise the expression of MR in cardiac tissue. In addition, previous data have shown that expression of 11β-HSD2 is negatively regulated by either nitric oxide or tumor necrosis factor (TNF)-α (51, 52) but also is positively regulated by aldosterone (53) . We have also confirmed that aldosterone significantly increases the expression of 11β-HSD2 in cultured rat neonatal cardiac myocytes (unpublished observation). Although there is not enough information to know which other factors might regulate expression levels of MR and 11β-HSD2 mRNA particularly in pathological hearts, we speculate that MI raises the expression of these genes through the production of aldosterone in cardiac tissue, and furthermore that spironolactone does not directly suppress expression of those genes but indirectly affects the expression of MR and 11β-HSD2 via the inhibitory action of MR in the infract hearts.
In conclusion, our data suggest several linked possible injurious pathways: 1) aldosterone can access cardiac MR in pathological conditions such as MI; 2) increased MR-mediated aldosterone signaling accelerates myocyte apoptosis and progresses expansion of the infarct area, ventricular dilatation and thinning of the ventricular wall, resulting in myocardial dysfunction; 3) spironolactone can inhibit aldosterone signaling mediated by MR, whose number and whose selectivity to aldosterone were upregulated after MI. Our present data suggest the possibility that spironolactone prevents myocyte apoptosis and ventricular remodeling in post-infarct hearts. However, the remodeling process after MI involves a number of hemodynamic and neurohormonal alterations, which may complexly influence myocyte apoptosis. Therefore, it still remains as a study limitation to demonstrate the direct antiapoptotic effect of spironolactone on cardiac myocytes in in vivo remodeling hearts. This issue should be further investigated in the future.
